Induction of zeaxanthin formation and the associated nonphotochemical quenching in iodoacetamide-treated, non-C02-fixing intact chloroplasts of Lactuca sativa L. cv Romaine is reported. The electron transport needed to generate the required ApH for zeaxanthin formation and nonphotochemical quenching are ascribed to the Mehier-ascorbate peroxidase reaction. KCN, an inhibitor of ascorbate peroxidase, significantly affected these activities without affecting linear electron transport to methyl viologen or violaxanthin deepoxidase activity. At 1 millimolar KCN, zeaxanthin formation and ApH were inhibited 60 and 55%, respectively, whereas ascorbate peroxidase activity was inhibited almost totally. The KCN-resistant activity, which apparently was due to electron transport mediated by the Mehler reaction alone, however, was insufficient to support a high level of nonphotochemical quenching. We suggest that in vivo, as C02 fixation becomes limiting, the Mehlerperoxidase reaction protects photosystem 11 against the excess light by supporting the electron transport needed for zeaxanthin-dependent nonphotochemical quenching and concomitantly scavenging H202. Ascorbate is essential for this process to occur.
In leaves, high light induces reversible changes between violaxanthin and zeaxanthin (32) . The increase in the zeaxanthin concentration correlates with an increase in NPQ2 and is suggested to be a mechanism for protecting PSII against excess light (7) . Because NPQ (17) and zeaxanthin formation (8, 28) are stimulated under conditions of limited or inhibited electron flow to CO2, the question arises as to how the electron flow and related ApH are generated. We hypothe- 2Abbreviations: NPQ, nonphotochemical quenching; qN, qE, qp, coefficients for nonphotochemical, energy-dependent, and photochemical fluorescence quenching; SVN, Stem-Volmer nonphotochemical fluorescence quenching; F'M, maximal fluorescence for the energized state; APO, ascorbate peroxidase; MP reaction, Mehlerperoxidase reaction; MV, methyl viologen (1,1 '-dimethyl-4,4'-bipyridiniumchloride); DBMIB, dibromothymoquinone (2,5-dibromo-3- methyl-6-isopropyl-p-benzoquinone); NIG, nigericin; A520, absorbance at 520 nm due to neutral red uptake; AA520, reversible absorbance increase due to neutral red uptake; SOD, superoxide dismutase; I50, 50% inhibition; QA, primary stable electron acceptor of PSII.
sized that the MP reaction supports the necessary electron transport.
During the Mehler reaction, oxygen acts as an electron acceptor for PSI (20) . Photoreduction of oxygen increases when the supply of CO2 is limited or the Calvin cycle is inhibited (24) . The superoxide radical 02-, the product of oxygen reduction, is dismutated to hydrogen peroxide and oxygen by SOD located in the stroma and lumen of the chloroplasts. APO then catalyzes the reduction of the 'toxic' peroxide to water. The subsequent rapid regeneration of ascorbate by NADPH-dependent monodehydroascorbate reductase and a glutathione-dependent enzyme system completes the MP-mediated transport (2) .
The MP-coupled reaction results in electron flow from PSII to PSI with no net oxygen evolution. This 'pseudocyclic' electron flow, which depends on intemally formed peroxide and NADPH oxidation, has been proposed to be important for regulation of PSII protection against excess light, especially under limited or inhibited CO2 conditions (25) . In this paper, we report that the APO-dependent reduction of internally formed hydrogen peroxide supports the electron transport that is necessary for zeaxanthin formation and the associated NPQ in Calvin cycle-inhibited intact chloroplasts. Special attention is focused on the regulation of the zeaxanthin-related dissipative mechanism by lumen acidification due to peroxide turnover. The filtered homogenate was centrifuged at 5500g for 1 min, the resulting pellet was suspended in 2 mL of grinding buffer, and the suspension was carefully layered on 25 mL of grinding buffer containing 40% (v/v) Percoll. After the suspension was centrifuged for 5 min at 6500g, the chloroplasts at the bottom of the tube were suspended in 1 mL of reaction buffer (grinding buffer with 50 mm Hepes instead of Mes and adjusted to pH 7.6). Chloroplast intactness was 80 to 85% as estimated by the ferricyanide method (14) .
MATERIALS AND METHODS

Chloroplast Isolation
Chi Fluorescence and Absorbance Changes
Chl fluorescence and absorbance changes were measured simultaneously using the PAM Chlorophyll Fluorometer (Heinz Walz, Effeltrich, Germany) and a DW-2000 UV-VIS spectrophotometer (SLM-Aminco), respectively. A 1-x 1-cm quartz cuvette was connected to the detector/emitter unit of the fluorometer via a four-armed fiberoptic through a side port of the spectrophotometer sample compartment. Saturating actinic light flashes were from a KL-1500 flash unit (Heinz Walz), and actinic illumination was from a Unitron microscope lamp. The actinic light sources were filtered through Coming CS2-58 (red) and CS1-75 (infrared) filters. The photomultiplier was protected by a Corning CS4-96 blue filter. Light-scattering effects were reduced by an opal glass, a quartz diffuser, and a beam scrambler placed between the cuvette and photomultiplier.
If not stated otherwise, the light intensities measured at the cuvette were 350 and 2300 MuE m-2 s-' for the red actinic and saturating lights, respectively. There was only a minor difference between the fluorescence yield reached in a 2-s red light flash and that obtained in a 1-s white light flash, filtered through a short-pass filter (DT-cyan, X < 700nm).
The modulated measuring light of the fluorometer was switched from 1.6 to 100 kHz simultaneously with onset of actinic illumination to improve the signal-to-noise ratio. Fluorescence yield and quenching parameters were determined with the saturation pulse method described by Schreiber et al. (27) . The nonphotochemical and photochemical fluorescence quenching are expressed as quenching coefficients qN and qp, respectively (27) . For quantitative correlation between zeaxanthin concentration and quenching, nonphotochemical quenching is expressed as SVN (11) . In a Stem-Volmer plot, the quencher concentration correlates linearly with fluorescence quenching.
Zeaxanthin Determination Zeaxanthin was measured in situ spectrophotometrically or after extraction by HPLC. In the former, the absorbance difference between 505 and 540 nm (AA505) was monitored as a function of time using the dual-beam mode of the spectrophotometer (31) . In the latter, chloroplast pigments were extracted following actinic illumination, and the zeaxanthin concentration was measured relative to Chl using a new HPLC method described by Gilmore and Yamamoto (10) .
Measurement of Internal Acidification
Relative light-induced lumen acidification was measured as neutral red uptake at 520 nm. showed that when the neutral red concentration and chloroplast lumen volume are in appropriate ranges, the dye is taken up into the acidified lumen where it forms dimers.
With thylakoids, the resulting absorbance increase at 520 nm is proportional to the lumen proton concentration. This application of neutral red is suitable for kinetic and steady-state measurements. Whether the quantitative relationship also applies to intact chloroplasts was not reported. Because intact chloroplasts were used in the present study, the same quantitative interpretation for the observed 520 nm change cannot be assumed. Qualitatively, however, we observed that the absorbance change at 520 nm with neutral red for intact chloroplasts was similar, showing a fast initial rise to a steadystate level on actinic illumination. There was also a substantial dark absorbance change, as also observed by SiefermannHarms (29) for thylakoids. The difference between the dark and light-induced level was NIG sensitive, indicating that the absorbance change reflected lumen acidification. In the present study, the dye (2-6 mM) was added immediately before each measurement to avoid interference from ApHdependent light-scattering absorbance changes and possible direct effects of the dye on APO activity. The neutral red absorbance changes were measured at 520 nm in the singlebeam mode of the spectrophotometer.
General Experimental Conditions
The chloroplast solution was stirred continuously in all experiments, and the reaction temperature was controlled at 250C. The Chl concentration was 30 ,g mL-' for all reactions. Unless stated otherwise, the ascorbate concentration was 30 mM. Five millimolar IAA was used to inhibit Rubisco activity (4) . IAA at this concentration has no effect on the APO activity (22) or, as determined in preliminary experiments, on deepoxidase activity. Figure 1 shows the simultaneous recording of light-induced room temperature fluorescence (upper curves) and 505-nm absorbance kinetics (lower curves) in intact IAA-treated chloroplasts. qN and qp values calculated at points indicated by the dotted downward arrows are given in the figure legend. In the control, the fluorescence yield increased rapidly at the onset of actinic illumination and then slowly declined, reaching steady state after 16 min. During the fluorescence decline, qp and qN increased. DBMIB rapidly reversed most of qN, indicating that the quenching was qE. In the presence of 0.1 mM KCN, qN developed more slowly, reached a maximum at about 5 min, and thereafter decreased. This transient change was independent of preincubation time with KCN and, thus, was not due to an effect of inhibitor permeability. Reversal of the quenching present after 16 min of reaction by DBMIB was small, indicating that KCN had strongly inhibited qE. At a higher KCN concentration (1 mM), the first fluorescence decline was absent and only a small further inhibition of steady-state qE was seen. At this higher KCN concentration, qN increased slightly during the last 8 min of actinic illumination. This quenching was DBMIB insensitive, indicating that it was irreversible fluorescence quenching.
RESULTS
The lower set of curves in Figure 1 shows zeaxanthin formation measured simultaneously with fluorescence in the upper curves. With no KCN added, the absorbance increased similarly to qN. With 0.1 or 1 mM added, the initial slope of the absorbance change was only slightly affected, but the Figure 2 shows the effects of KCN on light-induced neutral red uptake at 520 nm. The starting absorbance at zero time is the dark level uptake of neutral red. The A520 in the control increased rapidly in the first few seconds of illumination, followed by only a slight further increase for the duration of illumination. The difference between the light-induced and dark A520 was NIG reversible (data not shown), indicating a rapid proton buildup to a steady-state level. When 0.1 mm KCN was present, the A520 initially increased rapidly similarly to the control and, after about 3 min, declined gradually, reaching a value 55% below the control. With 1 mm KCN, the initial increase was not affected, but the decline was more rapid and the final level slightly lower than in with 0.1 mm KCN (data not shown). These results show that chloroplasts that had CO2 fixation totally disabled still had sufficient electron flow to generate and sustain the ApH necessary for zeaxanthin formation and NPQ. Inhibition of a large fraction of the light-induced A520 by low concentrations of KCN is consistent with the view that the MP reaction plays a major role in electron flow under these conditions.
The temporal effects of KCN on fluorescence and lumen acidification (Figs. 1 and 2) can be due to several possible effects. The high permeability of KCN excludes permeability as a factor. Light-dependent inhibition of APO was also excluded by using the peroxide-induced qp of uncoupled chloroplasts to assay APO activity (23, 25) . No Figure 3A after a 16-min reaction are shown in Figure 3B . With no KCN present, 120 mmol zeaxanthin-mol Chl a-' was produced, representing about 80% of the total violaxanthin in lettuce. Zeaxanthin formation was suppressed 60% at 1 mM KCN and at 5 mM KCN leveled off to around 40 mmol zeaxanthin * mol Chl a-' or 35% of the control value. The steady-state zeaxanthin level was apparently less sensitive to KCN than steady-state qE or qp. When air was blown on the surface of the stirred chloroplast solution, the I,50 of both qN and the zeaxanthin concentration was shifted to higher KCN concentrations of about 1.5 and 2.5 mt, respectively (data not shown).
The KCN effect on steady-state neutral red uptake after 15 min of illumination is shown in Figure 4 . As was the case in Figure 2 , the difference between the light-induced and dark level is the NIG-reversible portion of the uptake. Increasing the inhibitor concentration decreased steady-state relative lumen acidification. The I50 for neutral red uptake was about 40 uM KCN. At 1 mm KCN, about 55% of the maximal possible change was inhibited. Based on I50 values, the steady-state relative lumen acidity was less sensitive than steady-state qE (25 uM) or qp (30 Mm) but more sensitive than the steady-state zeaxanthin concentration (70 Mm) to KCN.
The possibility that KCN inhibited ApH and the related changes by inhibiting electron transfer to 02 was investigated. Figure 5 shows the effect of KCN on light-induced oxygen uptake rate in the presence of MV. The chloroplasts were uncoupled with NIG to increase detectability of inhibitory effects by eliminating the effects of the energized state. KCN did not affect electron flow up to 1 mm, independent of the length of preincubation with KCN in reaction buffer, pH 7.6. The 02 uptake rate was suppressed about 10% at 10 mm. The rapid suppression of the oxygen uptake rate at high KCN concentration is possibly due to the inhibitory effect of KCN on plastocyanin (16) . To further exclude light-dependent effects of KCN on 02 reduction, the chloroplasts were illuminated for 16 min in the presence of increasing KCN concentrations (as in Figs. 1 and 3 ) before adding MV, together with NIG, and measuring light-dependent oxygen uptake rate. The results were similar to those shown in Figure 5 . Figure 1 and 'Materials and Methods." Figure 6 (open circles). Two phases are apparent. NPQ appeared to be more sensitive to zeaxanthin at lower than at higher concentrations. Inasmuch as KCN under these conditions also affects ApH, the product of relative zeaxanthin concentration and steady-state lumen acidification (AA520) versus SVN is also plotted (Fig. 6, closed circles) . This treatment linearized the relationship. The regression line intercepts the y axis at about 0.2, suggesting that some 'quencher' could be present without detectable reversible fluorescence quenching. Because multiplication of two variables can compound errors, a further experiment was done. Zeaxanthin as a variable was removed by forming it in a preceding light treatment, and then lumen acidification and SVN were varied by titrating APO activity with KCN or DTT (25) before the second light period. In the case of KCN, the relationship was measured at two actinic light intensities. SVN correlated linearly with AA520 whether titrated with KCN (Fig. 7A) or DTT (Fig. 7B) . The regression line intercepted the x axis at 0.019 and 0.025 for KCN and DTT-induced APO inhibition, respectively, or about 30% of maximal AA520. There appears to be a threshold of ApH for zeaxanthin-dependent quenching under these conditions. The possibility that KCN or H202, the product of the Mehler reaction (20) , directly inhibits violaxanthin deepoxidase was tested using the light-independent deepoxidation activity at pH 5.2 with intact chloroplasts and the isolated enzyme (30) . Neither cyanide nor peroxide inhibited deepoxidase activity itself (data not shown). However, with intact chloroplasts, light-induced zeaxanthin formation was transiently suppressed when exogenous peroxide was added. These effects suggest that APO possibly has a higher affinity for ascorbate than the deepoxidase. Whether this competition for ascorbate occurs in chloroplasts is unknown and under further study.
DISCUSSION
The present results show that intact chloroplasts that have been chemically treated to inhibit all CO2 fixation are still able to form high levels of zeaxanthin and develop substantial NPQ. This NPQ is 'energy-dependent quenching' and directly related to the zeaxanthin concentration. The formation of zeaxanthin and the related NPQ of these chloroplasts is consistent with the in vivo process under conditions of limited CO2 fixation (8) .
Zeaxanthin formation and NPQ both require an acidic lumen (6, 13) and, therefore, the light-driven electron transport for translocation of protons. The effects of KCN, an inhibitor of APO, support the view that the required electron transport in these chloroplasts was due to the MP reaction. Cyclic electron flow around PSI as an alternative mechanism for the required lumen pH is unlikely because it is not inhibited by a low KCN concentration. Furthermore, cyclic is the reversible absorbance change and was determined by dissipating ApH with NIG together with DBMIB 90 s after neutral red addition. Neutral red quenched fluorescence of the nonenergized state by a factor of 0.92, calculated by comparing similar experiments in the presence or absence of neutral red and in the absence of KCN. Reversible SVN was calculated using F'M before the addition of neutral red and the corrected F'M after addition of the dye and DBMIB. Pigments were extracted 1 min after SVN determination and analyzed by HPLC. The AA520 after 14 (15) . Thus, of the three enzymes required for the MP reaction, APO is the most sensitive to KCN. We conclude, therefore, that the effects of KCN on zeaxanthin formation and zeaxanthin-dependent NPQ were mainly, if not exclusively, due to the inhibition of APO.
Inhibiting APO with KCN does not completely inhibit formation of ApH or zeaxanthin ( Figs. 1 and 2 ). In fact, KCN had little effect on the initial rapid lumen acidification seen just after onset of illumination, but it did affect the rate of the subsequent decrease (Fig. 2) (Fig. 2) because no ATP is used in this 'pseudocyclic' electron flow (2) . If ApH-related fluorescence quenching reflects regulation of excitation energy dissipation in the photosynthetic pigment system and PSII quantum yield efficiency as suggested (18) , the MP reaction could be important for in vivo PSII down-regulation. The proposed role of the MP reaction in this capacity is consistent with the findings that zeaxanthin-dependent energy dissipation increases (7, 8) under conditions favorable to 02 reduction (24) .
The MP reaction in relation to zeaxanthin-dependent NPQ development and the photosystems is shown schematically in Figure 8 Fig. 1 ). The qp decrease is consistent with the reported increase in the reduction state of QA when the thiol reagent was administered through the cut petiole of intact leaves (see refs. 5 and 8 for more references). In the in vivo studies, DTT was used as a deepoxidase inhibitor to suppress zeaxanthin formation and thus zeaxanthin-dependent NPQ. The DTT inhibition of qp was attributed to increased reduction of PSII centers due to increased energy transfer when zeaxanthin-dependent nonradiative energy dissipation was inhibited. We found that inhibiting APO with either KCN or DTT decreased linear electron flow, as indicated by a suppression of qp and subsequent lumen acidification (Figs. 2 and 4) . We suggest, therefore, that the DTT-sensitive qp in intact leaves is in part due to inhibition of APO. DTT reduces ApH, zeaxanthin formation, and the related dependent energy dissipation in addition to inhibiting violaxanthin deepoxidase. As a consequence of reduced energy dissipation, QA might be then further reduced.
